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Available online 6 January 2011AbstractWe performed a validation study of six ocean tide models (CSR4.0, GOT99.2b, NAO.99b, FES2004, TPXO7.1, and TPXO7.2)
using superconducting gravity data recorded at Syowa Station. From comparison with the observed loading effects, the most
optimum ocean tide model was found to be TPXO7.2, which had a combined root-mean-square (RMS) misfit of 0.194 mGal for the
eight major (four diurnal and four semidiurnal) waves. The next best ocean tide model was NAO.99b, with a combined misfit of
0.277 mGal. To determine the effect of inclusion of regional tide gauge and bottom-pressure data around Syowa Station, we
estimated the combined RMS error for all eight waves; incorporation of these regional data into the TPXO7.2 model resulted in
a 5% reduction in the misfit. Our phase lag anomalies indicate that the scatter of the out-phase component was greater than that of
the in-phase component in the final residuals; this tendency was especially clear for O1, K1 and M2 waves. Improvement of the
phase differences was the key to determine the optimum ocean tide model.
 2011 Elsevier B.V. and NIPR. All rights reserved.
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Tidal gravity measurements of the solid Earth at
tidal periods (8 he1 month) are valuable for studies of
the elastic and inelastic responses of the Earth to tidal
periodic forcing and other geophysical properties such* Corresponding author. Tel.: þ81 42 528 3690; fax: þ81 42 528
3479.
E-mail address: kim.taehee@nipr.ac.jp (T.-H. Kim).
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doi:10.1016/j.polar.2010.11.001as latitude dependence (Dehant and Zschau, 1989;
Dehant et al., 1999). However, the observed tides
contain significant perturbations of the oceanic attrac-
tion and loading effects (hereinafter referred to as the
ocean loading effect) due to oceanic tides. Especially
around Antarctica, an estimate of the accurate ocean
loading effect is required for a variety of glaciological
and oceanographic applications (Padman et al., 2008).
The accuracy of computation of the ocean loading
effect mostly depends on the ocean tide model. Overreserved.
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made it possible to develop uniformly distributed
global ocean tide models. In polar regions, however,
ocean tide models are inaccurate, because of the
limited coverage of satellite altimetry (e.g., within
66 in the case of TOPEX/POSEIDON). Many ocean
modelers have attempted to assimilate real regional
data such as tidal gauge, bottom-pressure gauge and
GRACE data to make ocean tide models that are more
refined. To validate these various ocean tide models
around Antarctica, King and Padman (2005) used tide
gauge, gravimeter and GPS data records; they showed
the poor level of accuracy of CSR4.0 (Eanes, 2002)
and NAO.99b (Matsumoto et al., 2000) in the ice shelf
region and found the optimal model to be TPXO6.2
(Egbert and Erofeeva, 2002) for Antarctica.
Syowa Station is located not only at high latitude but
also very close to the coast, at a distance of about 250 m.
In spite of this, we expect that the best-fitting ocean
model for Syowa Station can be verified using stable and
precise superconducting gravimeter (SG) data with
0.1 nGal (1 nGal¼ 1011 m/s2) resolution. Sato et al.
(1996), Kobayashi et al. (2004) and Iwano et al. (2005)
have already estimated the ocean loading effect at
Syowa Station using the optimal ocean tidemodel at that
time. Kobayashi et al. (2004) and Iwano et al. (2005)
showed that NAO.99b (Matsumoto et al., 2000) was
the optimal model for this area. However, there was
a large discrepancy between theoretical values forM2 of
0.26% at Syowa Station and other mid-latitude stations;
e.g., 0.10% at Strasbourg Station.
Several new ocean tide models have recently been
developed using regional data and finer grids. In this
paper, we compare old global ocean models CSR4.0
(Eanes, 2002), GOT99.2b (Ray, 1999) and NAO.99b
(Matsumoto et al., 2000) and new models FES2004
(Letellier et al., 2004), TPXO7.1, and TPXO7.2 (Egbert
and Erofeeva, 2002), and validate the optimal ocean tide
model for Syowa Station, Antarctica, at the present time.
The replacing of the original global ocean tide model
grids with regional tide gauge and bottom pressure data
is also tested. Furthermore, we examine the phase lag
and gravimetric amplitude in the final residuals.
2. Observed tidal gravity
We processed SG data obtained at Syowa Station
from 1994 through 2002 (see Fig. 1 and Table 1).
Syowa Station is located on East Ongul Island, Lu¨tzow-
Holmbukta, East Antarctica. The gravity observation
hut of Syowa Station is located at 39.586E and
69.007S and 21.493 m above sea level. Furthergeodetic details are given in Shibuya et al. (2005).
Because the gravity observation hut was directly con-
structed on a basement of metamorphosed granitic
rocks, the SG data are free from the influences of
groundwater and soil moisture (Iwano et al., 2005).
The first SG, TT70#016, was installed by the 34th
Japanese Antarctic Research Expedition (JARE-34)
and began operation in 1993. The first SG was replaced
with the second SG, CT#043, in 2003 by JARE-44, and
then the third, OSG#058, by JARE-51 in 2010. Hence,
there are continuous observation data of about 17 years
until the present (July 2010). However, there was a tilt-
balance problem with TT70#016 in 2003 and the large
drift (24 mGal/month) of CT#043, which is about one
order of magnitude larger than that of TT70#016
(Fukuda et al., 2005). Since validation of short-period
global ocean tides can be achieved with less than 10
years of data, we limited ourselves to use nine years of
first-stage TT70#016 data from 1994 to 2002, similar
to the approach taken by Iwano et al. (2003).
Discriminating the characteristics of the ocean tide
models from SG observations requires a calibration
accuracy of the amplitude better than 0.1% (Meurers,
2001). To determine the calibration factor used to
convert the SG TT70#016 voltage output to a gravity
value, Iwano et al. (2003) analyzed parallel observa-
tion data recorded by the FG5#203 absolute gravimeter
from December 29, 2000 to January 25, 2001,
including a period of high tides, and obtained the factor
as 58.168 mGal/volt with an accuracy of 0.1%; we
used this value for the entire set of SG records.
Determining the phase delay due to the SG analog
filter requires timing accuracy of 0.01 s (0.00004 for
diurnal periods) (Van Camp et al., 2000). However, we
corrected for the instrumental phase lags (i.e., 0.1558
for diurnal waves and 0.3116 for semidiurnal waves)
using the nominal value for the analog TIDE filter
within TT70#016 (GWR Instruments Inc., 1985),
which may have an additional 0.01 delay for Syowa
Station (e.g., Imanishi, 1997).
Tidal gravity analysis was carried out using the
Bayesian Tidal Analysis Grouping method (BAYTAP-
G) software package (Ishiguro et al., 1981; Tamura
et al., 1991), which is based on the concept of
Akaike’s Bayesian Information Criterion (ABIC)
(Akaike, 1980). The degree of smoothness of the
record trend can be controlled by introducing a hyper-
parameter (Ishiguro et al., 1981), which can be suitably
chosen by minimizing the ABIC (see Equation (11) of
Tamura et al., 1991).
We analyzed 30 waves of short-period (diurnal and
semidiurnal) bands, includingminorwaves such as PSI1,
Fig. 1. Location of Syowa Station on East Ongul Island, Lu¨tzow-Holmbukta, in Antarctica. (a) East Ongul Island and the bottom-pressure gauge
(66.850S, 37.830E). Units of the color palette are in meters. Data obtained fromMoriwaki and Yoshida (2002). The shaded part is the area where the
high-resolution third mesh (latitude size: 1/120, longitude size: 1/80) and fourth mesh (latitude size: 1/2400, longitude size: 1/1600) were applied.
(b) SG observation hut (69.007S, 39.586E) and tide gauge (69.008S, 39.570E) at Syowa Station, edited from Shibuya et al. (2005).
23T.-H. Kim et al. / Polar Science 5 (2011) 21e39PHI1, and L2. Because there is no significant difference
between the results obtained with hourly sampled local
pressure data and those obtained from 6-hourly sampled
global pressure variations in the diurnal and semidiurnalTable 1
Basic information for observatories of tidal gravity, tide gauge and bottom
Station Latitude () Longitude
Gravity 69.007 S 39.586
Tide gauge 69.008 S 39.570
Bottom pressure 66.850 S 37.830
þ, Above mean sea level; , below mean sea level.bands (Xu et al., 2004), we simply adopted the local
atmosphere pressure data to correct for the attraction and
loading effect of atmospheric mass variations. The
obtained atmospheric pressure admittance factor waspressure in this study.
() Height (m) Observed period
E þ21.493 94.01.01w02.12.31
E 4 05.05.17w07.11.30
E 4527 05.12.15w07.02.17
Fig. 2. Vector diagram for the comparison between the observed
Earth tidal gravity and the corrected residual gravity (L0 ¼OT,
R¼ L0  L).
24 T.-H. Kim et al. / Polar Science 5 (2011) 21e390.375 0.001 mGal/hPa, which is the same value
obtained by Iwano et al. (2005).
Table 2 shows the results of BAYTAP-G analysis for
the main diurnal (Q1, O1, P1, K1) and semidiurnal
(N2, M2, S2, K2) waves; column 2 gives the observed
amplitude, column 3 the phase lag, column 4 the
gravimetric factor, and column 5 the theoretical
amplitudes determined by Dehant et al. (1999), here-
inafter DDW99, on the basis of a nonhydrostatic and
inelastic Earth model. Compared with previous results
(Table 1a of Iwano et al., 2005), the obtained gravi-
metric factors in Table 2 are 0.008% (P1)e0.031%
(Q1) larger for diurnal waves and 0.021% (M2)e
0.059% (K2) larger for semidiurnal waves. These
differences are not significant when we consider the
different data spans (1993.7.28e2003.1.31 for Iwano
et al. (2005) and 1994.1.1e2002.12.31 for this
study), and observational error of about 0.1%.
Let the vector T in Fig. 2 represents the Earth’s
theoretical body tide for a given wave. Let the vector O
represents the observed tidal vector, where the
magnitude represents the gravity amplitude and the
angle represents the phase lag (here lag is defined as
being positive), as listed in columns 2 and 3 of Table 2.
Columns 6 and 7 in Table 2 give the magnitude and
phase of the observed ocean loading effect OT¼ L0
in Fig. 2. When the modeled ocean tide load effect
(represented by L in Fig. 2) is accurate enough to
explain the observed ocean loading effect L0, both
values should match in amplitude and phase; i.e.,
2.459 mGal and 350.99 for O1, and so on. Therefore,
the residual vector R¼ L0  L (defined as the final
residual vector by Melchior and De Becker, 1982)
should reflect the sum of the imperfections in
the observation, such as the instrumental error, the
inelastic Earth model or other local properties in theTable 2
Observed gravity amplitudes and phases and theoretical values for eight pri
positive.
Observed Amplitude
(rmse)
phase (rmse) Gravimetric factor
(rmse)
mGal Degree
Q1 5.183 (0.005) 2.13 (0.05) 1.3011 (0.0012)
O1 26.448 (0.004) 0.83 (0.01) 1.2712 (0.0002)
P1 11.781 (0.003) 0.20 (0.02) 1.2170 (0.0003)
K1 35.165 (0.004) 0.21 (0.01) 1.2019 (0.0001)
N2 2.637 (0.001) 1.58 (0.02) 1.4268 (0.0006)
M2 13.537 (0.001) 0.87 (0.00) 1.4022 (0.0001)
S2 6.744 (0.001) 1.08 (0.01) 1.5015 (0.0002)
K2 1.862 (0.001) 0.66 (0.03) 1.5249 (0.0009)neighborhood of the observation site, and inaccurate
modeling of the ocean tide. In Section 3.4, we regard
the L0 vector to be dependent only on the ocean tide
loading effect, because the ocean loading effect
dominates instrumental observation errors, the inelastic
part of the body tide model and other local effects. We
regard the magnitude of R as the criterion for selecting
the optimal model.
3. Ocean loading effect
We describe the characteristics of each ocean tide
model used in this study and discuss differences amongncipal tidal constituents at Syowa Station. The phase is local and lag
Theoretical amplitude
(Dehant et al., 1999)
Observed tidal loading
(L0 in Fig. 2)
mGal mGal Degree
4.5986 0.612 (0.005) 341.65 (0.05)
24.0170 2.459 (0.004) 350.99 (0.01)
11.1228 0.659 (0.003) 356.36 (0.02)
33.1741 1.995 (0.004) 356.33 (0.01)
2.1480 0.493 (0.001) 351.53 (0.02)
11.2195 2.325 (0.001) 354.94 (0.00)
5.2199 1.528 (0.001) 4.76 (0.01)
1.4191 0.443 (0.001) 2.77 (0.03)
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bottom-pressure data are compared with the ocean tide
model data. In Section 3.3, the ocean loading effect is
estimated and compared with the observed loading
effect. In Section 3.4, misfits are calculated and
compared to derive the optimal ocean tide model for
Syowa Station.
3.1. Global ocean tidal models
After the launching of altimeter satellites, tremendous
efforts have been made towards global ocean tide
modeling. Satellite altimetry has accuracy up to several
centimeters; e.g., the TOPEX/POSEIDON satellite is
known to have achieved a precision of 2.5 cm (e.g.,
Benada, 1997). Employing satellite altimetry, many
global ocean tidemodels were developed by assimilating
tide gauge data and integrating the data with theoretical
calculation of the hydrodynamics. We can estimate the
ocean loading effect at each observation station using
these global ocean tide models. However, owing to the
limited latitude coverage of satellite altimetry, it is well
known that the accuracy of ocean tide model data at high
latitudes is poorer than that at mid-latitudes.
In this paper, we test six global ocean tide models
(CSR4.0, Eanes, 2002; GOT99.2b, Ray, 1999;
NAO.99b, Matsumoto et al., 2000; FES2004, Letellier
et al., 2004; TPXO7.1 and TPXO7.2, Egbert and
Erofeeva, 2002) to find the most appropriate model
for Syowa Station. We can divide these models into
two groups; the former three models do not assimilate
data from Antarctica and the latter three do.
CSR4.0 (Eanes, 2002) was developed using 6.5
years of TOPEX/POSEIDON satellite altimetry data
covering latitudes within 66 and the technique of
response analysis. This model follows FES94.1 (Le
Provost et al., 1994) outside the 66 area.
GOT99.2b (Ray, 1999) is based on both six years of
TOPEX/POSEIDON satellite altimetry data and the
harmonic hydrodynamics solution derived from
FES94.1 (Le Provost et al., 1994) within the area
bounded by 66 and combined purely with the
hydrodynamic solution outside 66.
NAO.99b (Matsumoto et al., 2000) is based on the
assimilation of five years of TOPEX/POSEIDON
satellite altimetry sea-level measurements and
combined with the hydrodynamic model SCH80
(Schwiderski, 1980). This model is characterized by
smaller errors for shallow waters when compared with
CSR4.0 and GOT99.2b.
To overcome limited accuracy at high latitudes,
great care was taken in establishing newly developedglobal ocean models, such as FES2004 (Letellier et al.,
2004), TPXO7.1, and TPXO7.2 (Egbert and Erofeeva,
2002). FES2004 (Letellier et al., 2004) is an updated
version of FES99 (Lefe`vre et al., 2002) for a finite-
element solution, and is an assimilation model of the
hydrodynamic tidal solution derived from barotropic
equations with TOPEX/POSEIDON and ERS altimetry
data and tide gauge data on 0.125  0.125 grids.
TPXO7.1 (Egbert and Erofeeva, 2002) was derived by
an application of inverse tidal theory to in situ tide
gauge data and TOPEX/POSEIDON, Topex Tandem,
and Jason-1 satellite altimetry data to find best fits in
a least-squares sense to the Laplace Tidal Equations.
We can refer to the description on the Earth and Space
Research website (http://www.esr.org/ptm_index.html;
visited on 31 January 2010): “The model (TPXO7.1)
domain includes ocean cavities under the floating ice
shelves in Antarctica and Greenland, and it utilizes
recent Antarctic grounding line information.”
TPXO7.2 (Egbert and Erofeeva, 2002) was developed
to improve TPXO7.1 in Antarctica by assimilating
GRACE and shallow-water data. A set of 157 GRACE
harmonics were resolved for (M2, S2, O1) waves, and
18 datasets for tide gauge locations over areas of
complex sea-bottom topography and/or without satel-
lite altimetry data (16 areas around northern Australia)
were added to the TPXO7.1 model. The root-mean-
square (RMS) errors around Antarctica for TPXO7.1/
TPXO7.2 are claimed to be 3.6/2.16 cm (M2), 3.00/
1.80 cm (S2), 4.17/1.98 cm (O1), 0.96/1.12 cm (P1),
and 3.74/1.88 cm (K1) (see the website mentioned
above).
In Fig. 3, co-tidal maps of GOT99.2b (Fig. 3a),
NAO.99b (Fig. 3b) and TPXO7.2 (Fig. 3c) are plotted
for O1. We find at 66S (dotted line) of the TOPEX/
POSEIDON boundary, the discrepancy among ocean
tide models in terms of the phase contour is larger than
that in terms of the amplitude pattern.
A brief overview (e.g., modeling source and reso-
lution) of each ocean tide model used in this research is
given in Table 3, and we do not cite the model source
hereafter.3.2. Comparison of the model tide height with in situ
tide gauge and bottom-pressure data
To compare each model with the tide gauge and
bottom-pressure data around Syowa Station, we fol-
lowed the basic concept of the RMS error sk and
scombined for averaging, similar to the approach taken
by Bos et al. (2002) and King and Padman (2005).
Fig. 3. The ocean co-tidal map around Syowa Station using (a) GOT99.2b and (b) TPXO7.2 for O1. Units are centimeters and degrees for
amplitude and phase, respectively. The phase is local and lag positive. The stars indicate Syowa Station on East Ongul Island.
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vuut ; ð2Þ
where Zgaugek and Z
model
jk are the tide gauge data and
ocean model height given in a complex expression,
where j and k indicate the grid number and wave
number, respectively, and N indicates the number of
model grid points surrounding the tide gauge (or bottom
pressure gauge). Although Bos et al. (2002) and King
and Padman (2005) used decades of tide gauge data,Table 3
Summary of global ocean tide models compared in this study.
Model name Reference Tidal mod
CSR4.0 Eanes, 2002 Response
GOT99.2b Ray, 1999 Harmonic
NAO.99b Matsumoto et al., 2000 Response
FES2004 Letellier et al., 2004 Finite-elem
TPXO7.1 Egbert and Erofeeva, 2002 Inverse the
TPXO7.2 Egbert and Erofeeva, 2002 Inverse the
a TOPEX/POSEIDON.
b Tide gauge. Table was edited from Ardalan and Hashemi (2008).we used data of only one tide gauge at Syowa Station
(see Fig. 1b) and did not interpolate ocean models. Here
N is 2e4, depending on the model used around the tide
gauge location. RMS errors of the ocean bottom-pres-
sure gauge difference (see Fig. 1a) were estimated in the
same way.
The applied data are tide gauge records for a period of
30 months (2005.05.17e2007.11.30) and bottom-pres-
sure records for a period of 14 months (2005.12.15e
2007.02.17). The formal errors of the tidal analysis for
tidegauge records and bottompressure are typically0.2%
and 0.5%, respectively. Values of sk (Table 4) show that
NAO.99b is the model that best fits the tide gauge data,
with scombined being w1.28 cm. The values of sk are
smaller than the result (14.3 cm) of King and Padmaneling analysis approach and sources Resolution
method/orthotides functionsþ T/Pa 0.5  0.5
method/finite elementsþ T/Pþ TGb 0.5  0.5
method/orthotides functionsþ T/Pþ TG 0.5  0.5
ent solutionþ T/Pþ ERSþ TG 0.125  0.125
oryþ T/P, Jason-1þ TG 0.25  0.25
oryþ T/P, Jason-1þ TGþGRACE 0.25  0.25
Table 4
RMS errors of ocean tide models on tide gauge. Units are in cm.
Constituent CSR4.0 GOT99.2b NAO.99b FES2004 TPXO7.1 TPXO7.2
Q1 2.275 1.746 0.393 0.483 0.590 0.590
O1 7.816 7.423 0.502 0.916 1.714 1.549
P1 1.464 1.053 0.119 0.574 0.209 0.607
K1 3.894 3.079 0.710 1.631 2.700 1.400
N2 0.674 0.306 0.270 0.505 0.220 0.117
M2 3.927 3.731 0.485 0.721 0.746 0.882
S2 2.062 2.297 0.553 0.579 0.972 0.744
K2 0.699 0.479 0.313 0.183 0.152 0.183
Combined RMS 10.207 9.395 1.279 2.282 3.491 2.541
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Antarctica. GPS and gravimetric data were also used as
information on tides under ice shelves. FES2004 and
TPXO7.2 also had small RMS errorswith scombined being
w2.28 cm and w2.54 cm, respectively. Among six
models, NAO.99b is the most suitable around Syowa
Station, as it was developed to have reduced errors in
areas of shallow water (Matsumoto et al., 2000).
The values of sk (Table 5) suggest that the RMS
errors with respect to the bottom-pressure data for
FES2004 (1.41 cm) and TPXO7.2 (1.47 cm) are
smaller than those for NAO.99b (1.96 cm), unlike the
case for the tide gauge. This indicates that FES2004
and TPXO7.2 are more suitable to areas of deep open
sea than areas of shallow water; the bottom pressure
and tide gauges are at depths of 4527 m and 4 m,
respectively (see Fig. 1 and Table 1).
Figs. 4 and 5 illustrate the RMS errors given in
Tables 4 and 5. CSR4.0 and GOT99.2b have large
RMS errors at the locations of both the tide gauge and
bottom-pressure gauge, as compared with the other
four models. This is due to the fact that these two
ocean tide models were developed employing a purely
hydrodynamic method in a high-latitude area.Table 5
RMS errors of ocean tide models on bottom pressure. Units are in cm.
Constituent CSR4.0 GOT99.2b NAO
Q1 0.687 0.608 0.1
O1 1.676 2.040 0.5
P1 0.484 0.492 0.2
K1 2.029 1.931 0.5
N2 0.506 0.594 0.3
M2 2.301 2.171 1.1
S2 2.030 2.673 1.3
K2 0.664 0.584 0.3
Combined RMS 4.212 4.589 1.9In Section 3.3, we attempt to integrate tide gauge
and bottom-pressure data with ocean tide models and
estimate the ocean loading effect. Misfits and final
residuals are summarized in Section 3.4.
3.3. Ocean tide loading effect
To compute the ocean loading effect on gravity, we
follow Farrell (1972) by evaluating the convolution
integral between a known ocean tide model and the
response of the Earth in the form of a loading Green’s
function:
Lð4; lÞ ¼ r
ZZ
U
GðaÞhð40; l0ÞdS0: ð3Þ
here 4 denotes latitude, l is the longitude of the point of
interest, r is the mean density of ocean water, G is the
appropriate mass-loading Green’s function for some
Earth model, U is the domain of integration (i.e., the
global ocean surface), h is the elevation variation of the
sea surface in amplitude and phase for a given tidal
wave in the surface area dS’, and a is the angular
distance between the estimation point (4,, l) and
loading point (40,, l0)..99b FES2004 TPXO7.1 TPXO7.2
35 0.209 0.207 0.207
52 0.273 0.776 0.484
06 0.399 0.162 0.162
21 1.019 3.484 0.448
17 0.374 0.241 1.117
08 0.455 0.293 0.167
38 0.546 0.211 0.572
03 0.193 1.109 0.201
62 1.413 3.772 1.465
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Fig. 4. RMS errors of ocean tide models at the tide gauge (69.008S, 39.570E).
28 T.-H. Kim et al. / Polar Science 5 (2011) 21e39Equation (3) can be estimated with GOTIC2 soft-
ware (Matsumoto et al., 2001), in which the accuracy
of the integral depends on the accuracy of the ocean
tide model, a landesea distribution database, and
a mass-loading Green’s function. The Green’s function
G in Equation (3) excluding the direct Newtonian
attraction can be written as follows (Farrell, 1972).
GðaÞ ¼ gðaÞ
mE
XN
n¼0

2h0n  ðnþ 1Þk0n

Pnðcos aÞ; ð4Þ
where mE denotes the mass of the Earth, g(a) is the
gravitational acceleration at Earth’s surface, h0n and k
0
n
are loading Love numbers, and Pn is the Legendre
function of degree n.
These equations can be parameterized by the rheo-
logical properties of the Earth. Farrell (1972) deter-
mined the loading Love numbers and the associated
Green’s function for the GutenbergeBullen A Earth
model under the assumption that the Earth respondselastically at tidal frequencies. In this study, after
several trials, we used the complex Green’s function
computed by Okubo and Tsuji (2001), which is based
on the Absorption Band Model (ABM) of Anderson
and Given (1982). This considers the inertial and
anelastic effects on Green’s function; specifically, the
effects of an oscillating point load with diurnal and
semidiurnal periods. The differences in amplitude
(excluding the Newtonian part) are as large as 2% for
the ABM at an angular distance of 4e30, and those
of phase reach 1e2 beyond this angular distance,
corresponding to the depth range of the low Q zone in
the middle mantle of the ABM (see Fig. 2 of Okubo
and Tsuji, 2001). The SG records with <10 nGal
precision (GWR Instruments Inc., 1985) are expected
to reflect the effect of this complex Green’s function.
A high-resolution landesea distribution database is
important for the accurate estimation of the loading effect.
It is particularly important when the estimation point is
near the coastline or on a small island, as in the case of
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Fig. 5. RMS errors of ocean tide models at the bottom pressure (66.850S, 37.830E).
29T.-H. Kim et al. / Polar Science 5 (2011) 21e39Syowa Station. Kobayashi et al. (2004) showed that there
is a significant difference in the gravimetric factor
depending on whether the third mesh (latitude size: 1/
120, longitude size: 1/80) and fourthmesh (latitude size:
1/2400, longitude size: 1/1600) are included.Weapplied
these meshes as indicated by the shaded area in Fig. 1a.
We estimated the ocean loading effect L on gravity
at Syowa Station for eight waves (Q1, O1, P1, K1, N2,
M2, S2, and K2); the results of the models are
summarized in Table 6. This model-based ocean
loading effect L was compared with the observed
ocean loading tide effect L0 (columns 6 and 7 of Table
2 and retabulated in column 8 of Table 6).
Fig. 6 compares the modeled ocean loading effects
(denoted by symbols) and the observed ocean tide
loading effect (L0). In the case of diurnal waves, CSR4.0
and GOT99.2b disagreed with L0 in terms of both
amplitude and phase. In particular, the disagreement inphase reached about 10, although GOT99.2b provided
good correspondence for semidiurnal waves. FES2004
had the best fit for Q1. In the case of O1, however, the
amplitude and phase differences of FES2004were larger
than those of the TPXO7.1 and TPXO7.2 models. For
K1, all ocean tide models had a loading amplitude effect
smaller than the observed loading effect,L0.Wide scatter
along the out-phase axis in Fig. 6 indicates that the
difference among ocean tide models is mostly due to
different phase lag characteristics rather than amplitude
differences.
3.4. Misfits and final residuals
We examined the accuracy of the ocean loading
effect by computing the “misfit”. The final residual is
R¼ L0  L as shown in Fig. 2; the results for six ocean
tide models are given in Table 7 and Fig. 7. The
Table 6
Model-based ocean tidal loading effect and observed tidal loading effect at Syowa Station. The phase is local and lag positive.
CSR4.0 GOT99.2b NAO.99b FES2004 TPXO.7.1 TPXO.7.2 Observed Tidal Loading
effect L0 (error in L0)
Amplitude (mGal)
Phase ()
Q1 0.5148 0.5506 0.5866 0.6003 0.5794 0.5794 0.612 (0.005)
332.15 332.01 339.20 341.02 339.49 339.49 341.65 (0.05)
O1 2.7714 2.7956 2.5188 2.5487 2.3678 2.3878 2.459 (0.004)
341.32 342.70 349.11 349.02 349.73 349.86 350.99 (0.01)
P1 0.6854 0.6687 0.6669 0.6236 0.6438 0.6267 0.659 (0.003)
346.67 347.76 353.98 358.67 356.57 0.35 356.36 (0.02)
K1 1.8274 1.8692 1.9703 1.8703 1.8309 1.9200 1.995 (0.004)
345.98 348.58 352.37 358.40 1.29 356.17 356.33 (0.01)
N2 0.4516 0.4906 0.4589 0.4488 0.4781 0.4781 0.493 (0.001)
343.98 347.81 345.15 344.66 347.01 351.10 351.53 (0.02)
M2 2.1726 2.2385 2.3179 2.3322 2.3282 2.3092 2.325 (0.001)
359.49 356.17 351.26 352.75 351.73 351.93 354.94 (0.00)
S2 1.3924 1.4540 1.6003 1.6283 1.5525 1.5503 1.528 (0.001)
4.43 4.75 1.30 359.87 0.29 2.84 4.76 (0.01)
K2 0.3922 0.4320 0.4695 0.4710 0.4631 0.4539 0.443 (0.001)
3.54 356.05 355.40 357.01 357.78 358.03 2.77 (0.03)
30 T.-H. Kim et al. / Polar Science 5 (2011) 21e39magnitude of the final residual is referred to as the
misfit. The misfit is associated with an index showing
how well the global ocean model approximates the real
ocean state; i.e., the smaller the misfit, the better the
modeling (e.g., Baker et al., 1991; Bos et al., 2002;
Baker and Bos, 2003). To consider the misfit over all
tidal waves, we introduce the combined misfit:
Combined misfit¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ XM
k¼1
jRkj2
!vuut ; ð5Þ
where the final residual vector R is expressed as the
complex (amplitude and phase) for the k-th wave andM
is the number of waves; in this study,M¼ 8. Therefore,
the combined misfit is equivalent to the root-sum-
square (RSS) magnitude over the final residual vectors
of the eight main waves.
Generally, the misfit at Syowa Station decreases with
development of the ocean tide models. The combined
misfits of CSR4.0 and GOT99.2b are as large as
0.743 mGal and 0.620 mGal, respectively. These misfits
possibly arise from the limitation that both models were
strongly dependent on pure hydrodynamics at high
latitudes. However, NAO.99b has somehow different
characteristics. King et al. (2005) and King and Padman
(2005) indicated that NAO.99b was inferior to other
models around West Antarctica, where tide observation
sites are nearer to the largest ice shelves.Bos et al. (2002)
also presented the poor level of accuracy ofNAO.99b forthe high-latitude Nordic Seas. However, the misfit of
0.277 mGal at Syowa Station is better than themisfits for
CSR4.0 andGOT99.2b. This result was already reported
by Iwano et al. (2005). In the case of FES2004, the
combined misfit 0.287 mGal was worse than that of
NAO.99b, while the optimal ocean tide model TPXO7.2
had 0.194 mGal misfit at Syowa Station.
To determine the optimal model for each wave, we
need to focus on two points; the phase and the
grouping to diurnal and semidiurnal waves. In Table 6,
for O1, the magnitude of the ocean loading effect L
based on NAO.99b (2.519 mGal) is closer than that
based on TPXO7.2 (2.388 mGal) to the observed
loading effect L0 (2.459 mGal). In contrast, the phase of
L based on TPXO7.2 (349.86) is closer than that
based on NAO.99b (349.11) to L0 (350.99). As
a result, the misfit of TPXO7.2 for O1 (0.086 mGal)
was smaller than that of NAO.99b (0.102 mGal). This
means that the phase difference actually determined
the optimal ocean tidal model for Syowa Station. A
similar situation holds for the K1 wave (Table 7)
between NAO.99b and TPXO7.2.
Next, we examine the combined misfits that are
categorized as diurnal and semidiurnal waves. The
grouping results are presented in Table 7. It is interesting
that the optimal model for semidiurnal waves is
GOT99.2b, having the smallest combined misfit of
0.138 mGal. While the discrepancy between the optimal
model TPXO7.2 and the worst model CSR4.0 for the
diurnal waves is about 0.55 mGal (0.685e0.133 mGal),
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Fig. 6. Model-based ocean loading effect and observed tidal loading effect at Syowa Station. L0 indicates the observed ocean loading effect. A
magnitude of 1% of the theoretical body tide is indicated by a solid segment in the figure for reference. The threshold to discriminate the Earth’s
inelastic model is about 0.024 mGal, one-tenth of the segment.
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Table 7
Final residuals at Syowa Station using six global ocean models. The amplitude of final residuals is the misfit of the ocean loading effect. Units are in
mGal. The phase is local and lag positive.
CSR4.0 GOT99.2b NAO.99b FES2004 TPXO7.1 TPXO7.2
Amplitude (mGal)
Phase ()
Q1 0.1345 0.1152 0.0361 0.0134 0.0382 0.0382
20.85 34.83 25.84 11.23 12.28 12.28
O1 0.5399 0.5075 0.1017 0.1246 0.1052 0.0855
111.43 118.33 116.39 126.34 20.78 24.63
P1 0.1165 0.1000 0.0286 0.0442 0.0158 0.0555
94.33 87.33 100.35 38.28 12.39 55.48
K1 0.3829 0.2897 0.1394 0.1425 0.2327 0.0749
55.37 56.85 74.27 31.84 46.49 0.55
Combined misfit for diurnal 0.6854 0.6039 0.1786 0.1949 0.2587 0.1325
N2 0.0749 0.0321 0.0632 0.0719 0.0413 0.0158
43.90 74.57 45.31 39.88 57.53 4.83
M2 0.2345 0.0993 0.1494 0.0895 0.1306 0.1228
52.28 33.89 80.37 88.45 84.73 76.04
S2 0.1360 0.0742 0.1189 0.1678 0.1227 0.0562
8.12 5.05 130.36 128.90 103.95 116.96
K2 0.0514 0.0525 0.0642 0.0536 0.0441 0.0386
3.13 77.01 113.12 121.02 116.97 106.38
Combined misfit for semidiurnal 0.2859 0.1384 0.2111 0.2103 0.1891 0.1413
Combined misfit (mGal) 0.7427 0.6196 0.2765 0.2867 0.3204 0.1937
32 T.-H. Kim et al. / Polar Science 5 (2011) 21e39the discrepancy for the semidiurnal waves is only
0.15 mGal (0.286e0.141 mGal). This means that the
inaccuracy of CSR4.0 is due mostly to the inaccurate
modeling of diurnal waves rather than inaccurate
modeling of semidiurnal waves; we may fit the optimal
ocean tide modeling separately for the diurnal band and
semidiurnal band.
To optimize the tradeoff of amplitude/phase misfits
and to incorporate in situ data, we replaced the closest
ocean model grids of FES2004 and TPXO7.2 with
regional tide gauge/bottom-pressure gauge data. The
results are summarized in Table 8 and Fig. 8. On
the whole, the ocean loading misfits improved with the
inclusion of in situ data. The combined misfit of
TPXO7.2 reduced by about 5% from0.194 to 0.184 mGal
(Table 8). In the case of FES2004, the replacement
resulted in a decrease in the misfit from 0.287 to
0.266 mGal. Inclusion of in situ data was more effective
for diurnal bands; the misfit reduction for diurnal bands
of TPXO7.2 was 29%, but for semidiurnal bands it
increased by 11%. A similar tendency was observed for
FES2004.
In conclusion, incorporating the tide gauge and
bottom-pressure data into the ocean tide model was
effective for improving diurnal waves. On the other
hand, there was insufficient improvement for semi-
diurnal waves.4. Discussion
4.1. Cause of misfits
We plotted the final residual R of the eight main
waves in two-dimensional phasor diagrams as illus-
trated in Fig. 9, where the original six ocean tide
models without incorporating in situ datadCSR4.0
(open circle), GOT99.2b (open square), NAO.99b
(open diamond), FES2004 (snow flake), TPXO7.1
(open triangle) and TPXO7.2 (open star)dare adopted.
In this phasor diagram, the calibration error is reflected
by the real part (in-phase axis) and the phase lag error
by the imaginary part (out-phase axis).
It is clear that the final misfits (magnitudes of the
final residuals) in Fig. 9 are not randomly distributed.
For K1, the scatter along the in-phase axis was about
0.2 mGal, while that along the out-phase axis was
0.6 mGal (0.2 to 0.4 mGal). For M2, while the scatter
range along the in-phase axis is about 0.15 mGal, the
out-phase scatter range is about 0.4 mGal (0.2 to
0.2 mGal). For O1, the large scatter is due to the
anomaly of CSR4.0 and GOT99.2b along out-phase
axes (0.5 mGal). This suggests that misfits originate
mainly from discrepancy of the phase lag.
It is interesting to compare our results with those for
Europe (Baker and Bos, 2003). Results for the O1
Fig. 7. Final residuals of the ocean loading effect at Syowa Station. (a) Amplitudes of the final residual vectors (i.e., misfit). (b) Phases of final
residual vectors.
Table 8
Final residuals using FES2004 and TPXO7.2 and applying tide gauge and bottom-pressure data. The phase is local and lag positive.
FES2004 FES2004þ TG FES2004þ TGþ
bottom pressure
TPXO7.2 TPXO7.2þ TG TPXO7.2þ TGþ
bottom pressure
Amplitude (mGal)
Phase ()
Q1 0.0134 0.0084 0.0084 0.0382 0.0270 0.0270
11.23 45.52 45.77 12.28 27.76 27.79
O1 0.1246 0.1185 0.1185 0.0855 0.0576 0.0575
126.34 132.85 132.87 24.63 45.94 45.89
P1 0.0442 0.0353 0.0352 0.0555 0.0407 0.0407
38.28 33.56 33.53 55.48 56.77 56.95
K1 0.1425 0.1160 0.1158 0.0749 0.0563 0.0563
31.84 29.18 29.14 0.55 0.38 0.41
Combined misfit
for diurnal
0.1949 0.1698 0.1696 0.1325 0.0942 0.0941
N2 0.0719 0.0636 0.0635 0.0158 0.0178 0.0179
39.88 40.50 40.49 4.83 12.98 12.98
M2 0.0895 0.0995 0.0996 0.1228 0.1339 0.1339
88.45 90.88 90.87 76.04 84.01 84.01
S2 0.1678 0.1592 0.1591 0.0562 0.0724 0.0724
128.90 130.44 130.43 116.96 124.19 124.14
K2 0.0536 0.0509 0.0508 0.0386 0.0376 0.0376
121.02 122.42 122.42 106.38 112.24 112.22
Combined misfit
for semidiurnal
0.2103 0.2046 0.2046 0.1413 0.1578 0.1579
Combined misfit (mGal) 0.2867 0.2659 0.2657 0.1937 0.1838 0.1838
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Fig. 8. Same as Fig. 7, but applying tide gauge and bottom-pressure data to FES2004 and TPXO7.2.
34 T.-H. Kim et al. / Polar Science 5 (2011) 21e39wave in Europe were more widely scattered along the
in-phase axis than along the out-phase axis (the latter
being negligible) at each station. Baker and Bos (2003)
suggested the main cause of this scatter to be the
calibration errors of the SGs, independent of the ocean
tide model. However, they also suggested ocean model
dependency of the imaginary component for M2 in
Europe. In our study, for S2, scatter along the in-phase
axis is about 0.3 mGal (0.2 to 0.1 mGal), which is
about 0.1 mGal greater than that along the out-phase
axis. This may be because S2 might be affected by
other perturbation factors, such as an atmospheric
effect. For other waves (Q1, P1, N2, and K2), the
misfits were small (within 0.1 mGal) along both axes.
In summary, out-phase components were more
dominant than in-phase components at Syowa Station.
As already noted in Section 2, we applied the phase lag
correction using the instrumental phase lag of 0.1558
for diurnal waves and 0.3116 for semidiurnal waves
supplied by GWR Instruments Inc. (1985). As the
analog TIDE filter of SG (TT70#016) may have anextra 0.01 delay for diurnal waves (Imanishi, 1997),
and since the final residual phase lag was more than
0.1, accurate measurements of the system phase lag
are required for further detailed studies.
4.2. Validation of the Earth model and gravimetric
factors
Accurate tidal gravity measurements may be used to
validate the Earth’s body tide. However, only a 0.1%
change is considered in the variation of the theoretical
body tide between the elastic and inelastic Earth model
(Dehant et al., 1999). This corresponds to a resolution
of 0.024 mGal as compared with the amplitude of
24.017 mGal for the O1 wave at Syowa Station
(column 5 of Table 2).
Dehant and Zschau (1989) predicted the phase lag
of an inelastic response of the Earth as 0.01 for the O1
wave. Mathews (2001) stated the value as 0.026. As
shown in Table 9, the phase lags observed in this study
were 0.24 (FES2004) and 0.09 (TPXO7.2) for the O1
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Fig. 9. Final residuals at Syowa Station using six global ocean models.
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Table 9
Ocean tide-corrected gravimetric factor and phase lag at Syowa Station. The phase is local and lag positive.
CSR4.0 GOT99.2b NAO.99b FES2004 TPXO7.1 TPXO7.2 Dehant et al. (1999)
Gravimetric factors
Phase ()
Q1 1.1860 1.1783 1.1626 1.1577 1.1638 1.1638 1.15442
0.58 0.80 0.19 0.03 0.10 0.10
O1 1.1452 1.1430 1.1522 1.1509 1.1591 1.1581 1.15439
1.21 1.07 0.22 0.24 0.09 0.09
P1 1.1481 1.1495 1.1484 1.1526 1.1506 1.1522 1.14896
0.60 0.51 0.15 0.14 0.02 0.24
K1 1.1413 1.1393 1.1351 1.1380 1.1393 1.1364 1.13381
0.54 0.42 0.23 0.13 0.29 0.00
N2 1.1917 1.1669 1.1865 1.1923 1.1743 1.1707 1.16216
1.35 0.82 1.17 1.20 0.92 0.04
M2 1.1772 1.1707 1.1649 1.1625 1.1635 1.1653 1.16216
0.94 0.28 0.75 0.46 0.66 0.61
S2 1.1922 1.1786 1.1452 1.1391 1.1559 1.1565 1.16216
0.21 0.07 1.01 1.46 1.31 0.55
K2 1.2042 1.1726 1.1426 1.1402 1.1462 1.1536 1.16216
0.11 2.05 2.43 1.89 1.61 1.51
36 T.-H. Kim et al. / Polar Science 5 (2011) 21e39wave. For M2, the predicted phase lag of the theoret-
ical inelastic Earth is 0.01 (Dehant and Zschau, 1989),
while the observed lags are 0.46 (FES2004) and 0.61
(TPXO7.2). Therefore, the observed phase lags are one
order of magnitude greater than the possible theoretical
delay, and it is not possible to validate these theoretical
values using the existing ocean tide models.
The effect of lateral heterogeneities in the Earth’s
mantle on the gravimetric factor is one order of magni-
tude smaller than that of the whole inelasticity
(0.03 mGal, Wang, 1991). Therefore, the detection of
this effect is impossible at present. Because of large
disturbances due to ocean loading effects, the residual
results for Syowa Station are inadequate for discussing
theverification of the theoretical body tidemodel (Iwano
et al., 2005). Table 9 and Fig. 10 summarize the gravi-
metric factors and phases corrected for the ocean loading
effect using the six different ocean tide models for the
four main diurnal (Q1, O1, P1, and K1) and four main
semidiurnal (N2, M2, S2, and K2) waves at Syowa
Station. These ocean tide model grids used here are not
replaced by the regional tide gauge and bottom-pressure
gauge data. For comparison, results obtained using
DDW99 are also listed (column 8 of Table 9) and plotted
(hatch bar in Fig. 10). Using the DDW99 (inelastic)
model for the reference gravimetric factor of the O1
magnitude of the gravimetric factor, differences of
0.80% (CSR4.0), 0.99% (GOT99.2b), 0.19%
(NAO.99b), 0.30% (FES2004), 0.41% (TPXO7.1),
and 0.32% (TPXO7.2) were obtained. Similar differ-
ences forM2were 1.29%, 0.74%, 0.21%, 0.03%, 0.12%,and 0.27%, respectively. Baker and Bos (2003) revealed
that O1 and M2 anomalies in Europe are about 0.3%
fromDDW99, and attributed these anomalies to errors in
calibration factors. However, in the case of Syowa
Station, parallel observations with an FG5 assured 0.1%
accuracy of the calibration constant in converting the
voltage output to a gravity variation (Iwano et al., 2003).
Therefore, the obtained discrepancies do not result from
error in the calibration factor but from different ocean
tide modeling, although local effects around Syowa
Station and instrumental noise are not ruled out entirely;
e.g., seasonal change of snow accumulation and frequent
power failures in summer.
From Fig. 10 and Table 9, it is evident that CSR4.0
and GOT99.2b have large anomalies when compared
with DDW99. For O1, NAO.99b (1.1522) had the
smallest difference (0.19%) from the theoretical
value (1.1544, DDW99), while that for TPXO7.2
(1.1581) was 0.32% larger. However, the phase lag for
NAO.99b (0.22) was about 2.5 times that for
TPXO7.2 (0.09). It is clear throughout the paper that
the vector difference is important when comparing
load-corrected gravimetric factors with a theory like
DDW99. We cannot claim a good fit to the theoretical
Earth model simply from the magnitude of the gravi-
metric factor, and we should consider also the phase
lag. Europe is fortunate to have small loading effects in
the diurnal band. Baker and Bos (2003) showed that
the phase lag of O1 in Europe is w0.02, which
indicates that the Syowa phase lag of 0.09 (Table 9) is
too anomalous.
Fig. 10. (a) Magnitude of the gravimetric factor and (b) phase lag corrected with six different global ocean tide models and the DDW99 model.
Here, the phase is local and lag positive.
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Station is TPXO7.2. The tendency of amplitude misfits
in Fig. 7a is similar to that of the phase lag of the
gravimetric factor in Fig. 10b. Because Syowa Station
is on an island, fine tuning of the coastline/bathymetry
and bottom friction may give a more accurate ocean
tide loading correction.
4.3. Future works
There is no doubt that the estimation of the ocean
loading effect has been greatly improved using recently
developed global ocean tidal models. However, it is
well known that TOPEX/POSEIDON-derived satellite
altimetry data fail to pick up small-scale tidal features
of shallow coastal oceans (Kantha, 1995). In addition,
Lyard et al. (2006) pointed out that next-generation tide
models should be integrated with a regional hydrody-
namic solution to solve the local, strongly nonlinear
dynamics over the ocean shelves, because data are
much sparser relative to the tidal wavelength. Unfor-
tunately, Syowa Station has these two difficulties (i.e., it
is surrounded by shallow water and there are few tide
gauges around the observatory) in developing a moreaccurate ocean tidal model for estimating a more
precise ocean loading effect. However, NAO.99b
showed a small discrepancy from the regional tide
gauge data in the shallow water near Syowa Station
comparing with other recently developed models
FES2004, TPXO7.1 and TPXO7.2, although NAO.99b
was not integrated with the TOPEX/POSEIDON
altimetry data and regional tide gauge and bottom-
pressure gauge data in this area. This means that if the
regional data might be incorporated into NAO.99b, we
could obtain a more precise ocean loading effect. As
other examples, Sato et al. (2008) showed that the
regional ocean tide model worked well to recover the
tidal signals with sub-centimeter accuracy or better for
southern Alaska. Matsumoto et al. (2000) showed the
RSS of the eight major waves reduced from 5.7 to
3.0 cm, using NAO.99b and NAO.99Jb (regional model
for Japan) comparing with regional in situ tide gauge
data. Therefore, our next step must be to develop the
regional ocean tide model using the hydrodynamical
model used in NAO.99b, together with high-resolution
bathymetry around Syowa Station, and incorporating
densely distributed regional tide gauges and bottom-
pressure recorders.
38 T.-H. Kim et al. / Polar Science 5 (2011) 21e39There are other local effects specific to the Antarctic
Syowa Station. For example, Doi et al. (2010) pointed out
the effect of a change in the ice sheet mass on SG data at
Syowa Station. They presented gravity changes induced
by changes in the Antarctic ice sheet mass as approxi-
mately 4.8 mGal for a period of four years. There may be
a solar-radiation related specific atmospheric effect, as
Boy et al. (1998) suggested a 29% difference between
local correction and global correction in the gravimetric
d factor for the S1 wave, and we may require an integra-
tion method employing a loading Green’s function to
estimate the atmospheric correction more accurately.
In summary, for more accurate comparison with
theoretical values of inelasticity of the Earth or latitude
dependence at Syowa Station, it is necessary to model
these local effects separately from the ocean loading
effect. We should also determine the precise instru-
mental phase lag within an accuracy of 0.01 s; this will
result in the origin of the imaginary part of final
residuals being explicitly separate from the inaccuracy
of the ocean loading effect.
5. Conclusions
We performed a study of validating six ocean tide
models (CSR4.0, GOT99.2b, NAO.99b, FES2004,
TPXO7.1, and TPXO7.2) using regional tide observa-
tion data and superconducting gravity data at Syowa
Station. From comparisons with the observed ocean
loading effect, the optimal ocean tide model for Syowa
Station was found to be TPXO7.2, with a resultant
combined misfit of 0.194 mGal for eight major (four
diurnal and four semidiurnal) waves. NAO.99b is the
second best model, with a combined misfit of
0.277 mGal. Although King and Padman (2005)
pointed out that NAO.99b was not suitable around
the west Antarctic stations using GPS, tide gauge and
gravimetric data, our study showed the smallest
combined RMS error for NAO.99bd1.28 cm for the
tide gauge and 1.96 cm for the bottom-pressure gauge
datadamong the validated ocean tide models.
GOT99.2b had large anomalies in diurnal bands, but
the misfit was the second best for semidiurnal bands at
Syowa Station. CSR4.0 was not suitable overall.
We estimated RMS errors of the regional tide gauge
and bottom-pressure gauge data around Syowa Station;
incorporation of these regional data into the TPXO7.2
model resulted in a 5% reduction in misfits.
Our phase lag anomalies were larger than the result for
European SG sites and the scatter of the out-phase
componentwas larger than that of the in-phase component
in the final residuals; this tendencywas clear especially forO1, K1 andM2waves. Improvement of phase differences
was important in determining the optimal ocean tide
model. Our next step will be to develop a more accurate
regional ocean tide model with integration of high-reso-
lution bathymetry and incorporation of grids of ocean
bottom-pressure gauge data surrounding Syowa Station.
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